, J. M. (2017). Observed mode shape effects on the vortex-induced vibration of bending dominated flexible cylinders simply supported at both ends. Journal of Fluids and Structures, 81, 399-417. doi: 10.1016/ j.jfluidstructs.2018.05 The structural mode excitation of bending-dominated flexible cylinders undergoing vortex-induced vibrations was investigated using multivariate analysis of the excited empirical modes. The response of the bending-dominated cylinders was compared with the response of a tension-dominated cylinder using the same analysis technique. Experiments were conducted in a recirculating flow channel with a uniform free stream with Reynolds numbers between 650 and 5500. Three bending-dominated cylinders were tested with varying stiffness in the cross-flow and in-line directions of the cylinder in order to produce varying structural mode shapes associated with a fixed 2:1 (in-line:cross-flow) natural frequency ratio. A fourth cylinder with natural frequency characteristics determined through applied axial tension was also tested. The spanwise in-line and cross-flow responses of the flexible cylinders were measured through motion tracking with high-speed cameras. Global smooth-orthogonal decomposition was applied to the spatio-temporal response for mode identification. Measured responses are compared with the analytic response of a beam subjected to a uniform periodic loading. Both the analytic and experimental results show that for excitation of low mode numbers, the cylinder is unlikely to oscillate with an even mode shape in the in-line direction due to the symmetric drag loading, even when the system is tuned to have an even mode at the expected frequency of vortex shedding. In addition, no mode shape changes were observed in the in-line direction unless a mode change occurs in the cross-flow direction, implying that the in-line response is a forced response dependent on the cross-flow response. An even mode oscillation (i.e. second mode) in the in-line direction is observed to be excited in the tensioned cylinder, however this is only observed in a hysteretic response region, resulting in a pedaling mode response. The results confirm observations from previous field and laboratory experiments, while demonstrating how structural mode shape can affect vortex-induced vibrations.
This paper attempts to systematically test the effects of vortex-induced vibrations on the expected modal re-sumption since the fluid-structure interaction will inherently change these effective properties), it is possible to excite the flexible cylinder with a particular mode shape. For example, in the present experiments, a plastic beam with a 74 particular cross-section and material characteristics was used to tune the structural mode characteristics, encouraging 75 the cylinder to oscillate with a desired mode shape when the frequency of that particular mode shape is reached by 76 anticipating the forcing frequency in the in-line direction to be twice the frequency in the cross-flow direction.
77
One may expect a cylinder to oscillate with first mode shape (half sinusoidal) when it is excited with a forcing 78 function at the first mode frequency, and second mode shape (full sinusoid) when it is excited with the second mode 79 frequency; however, if the flow is uniform, can even modes (asymmetric modes) in the in-line direction be truly 80 excited? Vandiver and Jong (1987) argued that these modes would not be excited due to the distribution of the forcing 81 function. If these even modes cannot be excited, what body motions will be observed and which frequencies will 82 dominate the motion? This study aims to systematically understand this behavior through a set of experiments using 83 specifically crafted model cylinders. The cylinders are placed in a uniform flow to observe the resulting response over 84 a range of reduced velocities. The results are compared with experiments for a tension-dominated system (Gedikli 85 and Dahl, 2017) (see Fig. 1a ) in which the experimental setup is identical to the current system. 
Methods

87
Experiments were conducted in a recirculating flow channel that is located at the University of Rhode Island's To investigate the effects of the combined in-line and cross-flow spatial modal response, the tuned structure's in- illustrates the idealized mode shapes of each test cylinder with different beam cross-sections.
112
Beam dimensions were chosen according to a simply-supported tensioned beam with natural frequencies as:
where E is the modulus of elasticity, I is the area moment of inertia, n is the mode number, M is the mass per 114 unit length, and T is the static tension. The applied tension for cylinders 1,2 and 3 was negligible compared with 115 the stiffness of the beams, hence the second term in Eq.1 can be neglected for those beams. The simplified natural 116 frequency equation for cylinders 1,2 and 3 can be written as:
where n varies depending on the desired mode number, and I varies depending on the orientation and dimensions
118
of the beam molded inside the cylinder. The area moment of inertia in the in-line (I x ) and cross-flow (I y ) was different 119 to achieve the desired frequency characteristics of the beam. Using Eq.3, the required beam sizes were determined 120 for specific combinations of structural modes in a vacuum. The calculated cylinder characteristics and dimensionless 121 parameters are shown in Table 1 for each cylinder.
To mount the cylinder in the flow channel, a universal ball joint was attached to a suction cup on each end of 123 the test cylinder. End-plates were mounted at the location of the u-joint in order to inhibit three-dimensional flow
124
irregularities at the ends of the cylinder. The suction cups allowed the test cylinder to be mounted horizontally in the 125 flow channel by mounting directly to the glass walls. The test cylinders were aligned with respect to the still water 126 free surface using a laser. Each test cylinder was marked with 23 − 25 white dots, evenly distributed with spacings of 127 1 cm along the span. The cylinder motion was captured using two synchronized Phantom V10 high speed cameras,
128
operating at a frame rate of 250Hz. Motion tracking software (ProAnalyst) was used to determine the displacement Fig. 3 shows the maximum RMS amplitude response for each tested cylinder as a function of the reduced velocity.
135
The top image shows the cross-flow RMS response amplitude over the entire cylinder span and the bottom image
136
shows the in-line RMS response amplitude over the entire cylinder span. As seen in Fig.3 , the tension dominated cylinder 4 (red diamond) was observed to have the highest cross-flow
138
RMS amplitude response among all the cylinders tested, reaching a maximum amplitude at reduced velocity of 7.6,
139
near the highest flow speed tested. in-line direction, the dominant frequency is twice the frequency in the cross-flow direction for all the flow speeds tested with small lower frequency components present in the response at higher reduced velocities.
172
Similar to cylinder 1, the frequency content for cylinder 2 displays a 2:1 (in-line:cross-flow) dominant frequency 173 ratio that is observed for all flow speeds tested. There is also higher harmonic frequency content present in the cross-174 flow direction at higher reduced velocity while higher harmonic components are not observed in the in-line direction.
175
It should be noted that, since all frequencies in Fig. 4 are normalized by the fundamental natural frequency in cross-176 flow, then frequencies can be compared directly across plots, such that the in-line frequencies are typically observed 177 to be twice the cross-flow frequency. Dotted lines indicate the structural natural frequencies that were tuned for each 178 cylinder in order to achieve desired structural mode shapes with specific frequency combinations. For example, for 179 cylinder 2, in the in-line direction (Fig. 4 (iv) ), the lowest dotted line corresponds to a first mode in the in-line This behavior was observed to be consistent for all reduced velocities tested, such that the in-line response of 247 cylinder 2 was never observed to take on a full sinusoidal second mode shape. top image in Figure 9 shows the response at V rn = 10.6 and bottom image shows the response at V rn = 18.1. These two speeds lie closest to the first mode of the structure in the cross-flow direction, it is expected that the spanwise shape in 308 the cross-flow direction resembles a first mode, however, similar to cylinder 2, the frequency in the in-line direction 309 lies closest to the second mode, yet the spanwise shape does not strongly demonstrate a second mode shape.
310
The bottom image in Fig.9 shows the spanwise response for cylinder 4 at V rn = 18.1. At this flow speed, the One important observation from all the cylinders tested, is that even though the cylinder has a frequency that may the knowledge of mass distribution to converge to the actual vibration modes and is expected to be better at resolving 349 structural modes responsible for this type of fluid structure interaction.
350
The main difference of such multivariate methods than traditional Fourier based mode decomposition is that 
Description of smooth orthogonal decomposition (SOD)
367
In the SOD method, the displacement data matrix, X, is constructed from all the experimentally measured time 
where D k is the k th order derivative matrix based on forward difference (k = 3 for this application), SOD translates 376 into the following optimization problem:
subject to
The corresponding SOD problem can be solved by generalized singular value decomposition:
where U and Z are unitary matrices; C and S are diagonal matrices; columns of the square matrix Φ contain smooth phenomenon is investigated further by employing an empirical modal analysis to the cylinder 2 and cylinder 4 datasets.
389
These data sets are chosen since they both have frequency characteristics such that the second structural mode in the 390 in-line direction is tuned to have twice the frequency of the first mode in the cross-flow direction, although cylinder 2 391 is bending dominated and cylinder 4 is tension dominated.
392
In order to assess the dominant empirical modes present in the data set, the data for each cylinder is split into 393 subsets over which the smooth orthogonal decomposition is applied. For cylinder 2, the mode shapes are calculated 394 using flow speeds corresponding to excitation frequencies below the natural frequency of the cylinder (V rn < 5.5,
395
labeled as (a) in Figure 10 ) and for flow speeds corresponding to excitation frequencies above the natural frequency Similarly, the data set for cylinder 4 is divided into two parts for computing the SOD. For cylinder 4, the data is 403 divided into speeds for V rn < 15 (labeled (a) in Figure 11 ) and speeds for V rn > 15 (labeled (b) in Figure 11 ). This 404 dividing point is chosen since the system is observed to undergo a mode change in the cross-flow direction at this frequencies for the first 6 dominant smooth orthogonal modes of cylinder 2. As previously described, the energy frac- while the line labeled as (b) shows the same computation using higher speeds after the mode transition at V rn = 15.
447
In group (a), the energy content of the modes is largely present in the first three modes, which as seen in Figure   448 11(ii), correspond to a pure cross-flow excitation with half sine shape (mode 1), a pure cross-flow excitation with full 449 sine shape (mode 2), and a combined in-line and cross-flow excitation with half sine shape with separate dominant 450 frequencies for each direction (mode 3). In contrast, the energy is distributed over the first 6 modes for group (b),
451
and as seen in Figure 11 (iii), these modes contain more complex behaviors consisting of multiple frequencies and between exciting the first cross-flow structural mode to the second cross-flow structural mode.
458
It must be noted that any analysis of a system using empirical modes is subject to flaws in the data acquisition and 459 available data and will always be difficult to interpret in terms of general behaviors for any similar system. It is only 
Discussion
465
The cylinders studied in this experiment were designed specifically with the intention of exciting specific spanwise 466 mode shapes in order to study the effects of the spanwise response of the cylinder on VIV. By keeping the ratio of 467 natural frequencies between the in-line and cross-flow direction to be 2:1 while altering the structural mode shapes 468 associated with these frequencies, it was hypothesized that a different system response would be observed. In these 469 experiments, it was observed that in a uniform flow, when the excitation frequency from vortex shedding matches the 470 in-line natural frequency and that natural frequency corresponds to an asymmetric mode (2nd mode in this case), the 471 response will not take on the asymmetric mode shape but will still be excited with the twice the cross-flow frequency. applied with a frequency equal to the second mode natural frequency, one finds that the spanwise response will have 480 a symmetric shape similar to the shape observed in the present experiments (see Fig. 12 ). In fact, for any frequency 481 associated with an even mode, the spanwise response will be similar to the next lowest odd mode shape. This is a If one considers a beam where the uniformly distributed forcing function is applied with a frequency equal to the 486 third mode of the cylinder, one will find that although the distribution of the force does not match the mode shape 487 for that frequency, the beam will still respond with a spanwise response that resembles the third mode shape (see 488 Figure 13 . The response amplitudes may not be as large as would happen if the distribution of the load followed the 489 third mode shape, but the spanwise response still takes this shape when we consider only loading in one direction.
490
In the case of the present experiments, there is a combined loading on the cylinder in both the cross-flow and in- 
511
Additional interesting behaviors were also observed for specific cylinders. For example, cylinder 3 was tuned 512 so that the first mode in-line would correspond with the forcing frequency from vortex shedding in the transverse 513 direction, while the third structural mode will correspond with the vortex shedding frequency in the in-line direction.
514
Despite this tuning, the in-line direction undergoes a response with dominant first mode shape (due to the loading 515 distribution as described above). This is interesting, however, since in order to oscillate with the observed frequency 516 and mode, a linear treatment of the frequency response and adjustment of the effective natural frequency would require 517 an extremely large negative added mass, since the frequency of oscillation in the in-line direction is so far from the 518 natural frequency associated with the first mode. This is highly unlikely and the frequency transitions observed for developing improved physical models of the wake for prediction of this phenomenon.
525
Finally, the transition between a 1:1 mode shape response and 2:3 mode shape response seen in the tensioned 526 cylinder is not necessarily unique to the tensioned cylinder, since the natural frequency relation for the bending-527 dominated cylinder requires the natural frequencies to be further spaced from one another. Due to the limitations of 528 the flow channel, higher speeds could not be tested to see if the transition to higher modes would follow a similar 529 behavior for the bending-dominated systems.
530
The tension-dominated and bending-dominated systems in this study demonstrate some overall common behav- 
Conclusion
541
The objective of this experimental study was to observer the effects of a flexible cylinder's structural mode shapes Further work is necessary to elucidate how general this behavior is in long flexible cylinders. Due to the relatively 557 short aspect ratio of the cylinders and uniform flow in the present study, significant traveling wave responses on the 558 cylinder were not observed, which would alter the generality of these observations. Additionally, three-dimensional 559 visualization of the wake would help to quantify the fluid-structure coupling over the span as mode transitions occur. 
